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Raman artefactLaser-induced photoluminescence of trivalent rare-earth elements (REEs), which is obtained as analytical arte-
facts in Raman spectra of selected accessory minerals, was studied. Spectra of natural titanite, monazite—(Ce),
xenotime—(Y), and zircon samples from various geological environments were comparedwith emission spectra
of synthetic, ﬂux-grown analogues dopedwith REEs. The latter is of great importance to identify potentially mis-
takable bands as either Raman or PL signal, and to assign them to certain REE centres. In the samples investigated,
various REE centres are excited selectively using 473, 514, 532, 633, and 785 nm laser excitation. Their assign-
ment was veriﬁed by photoluminescence-excitation experiments. Luminescence spectral patterns of zircon
and titanite vary in dependence of trace-REE concentrations, hence reﬂecting geochemical growth conditions.
“REE artefacts” in Raman spectra of accessory minerals may be used as ﬁngerprint tool for mineral phase-
identiﬁcation. The distribution of REE emission-intensities, revealed by hyperspectral mapping, opens up the op-
portunity to visualise mineral textures, complementary to cathodoluminescence imaging-techniques.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the last decades, the use of Raman spectroscopy in the Earth sci-
ences has increased appreciably. This was stimulated, among other
reasons, by (i) a number of analytical advantages (including the oppor-
tunity to perform micrometre-scale analyses non-destructively and
without special sample-preparation needs), (ii) the increased availabil-
ity of powerful, easy-to-operate, and cost-efﬁcient Raman spectrometer
systems, (iii) a growingnumber of successful applications in virtually all
sub-disciplines of the Earth sciences, and (iv) signiﬁcant improvements
in the availability of reliable reference spectra. The most common ﬁeld
of application of Raman spectroscopy is the identiﬁcation of mineral
phases and components of geological samples on the basis of spectral
ﬁngerprint-characteristics. Examples include the ﬁelds of gemmology
(e.g., Fritsch et al., 2004; Jasinevicius, 2009; Bersani and Lottici, 2010;
Bersani et al., 2014), archaeometry and cultural heritage (e.g.,
Edwards et al., 2000; Smith, 2006; Vandenabeele et al., 2007; Ropret
et al., 2010), high-pressure petrology (e.g., Korsakov et al., 2005;
Stähle et al., 2008; Marschall et al., 2009), planetary mineralogy (e.g.,
Wang et al., 1995; Sharma et al., 2003; Wang et al., 2004; Popp and
Schmitt, 2004; Bozlee et al., 2005; Blacksberg et al., 2010),. This is an open access article underenvironmental mineralogy (e.g., Das and Hendry, 2011), palaeontology
(e.g., Schopf et al., 2002; Bernard et al., 2007; Chen et al., 2007),
biomineralogy (e.g., Li et al., 2013; Pasteris et al., 2014), and many
other disciplines. Furthermore, Earth scientists have become increasing-
ly interested in the application of the hyperspectral Raman-mapping
technique. The latter is a powerful tool to visualise, among others, the
distribution of mineral phases within geological samples, and internal
textures within single-crystals of minerals (Nasdala et al., 2004a;
Bernard et al., 2008; Nasdala et al., 2012, and references therein).
The reliable interpretation of Raman spectra of geological samples
may, however, be hampered by a range of possible analytical artefacts
(for a detailed discussion see Nasdala et al., 2012 and references there-
in). Potential bias of results is, among others, caused by the fact that in
the analysis ofminerals, Raman-scattered light is often recorded togeth-
er with, or even obscured by, laser-induced photoluminescence (PL).
The incident laser beam may excite the sample's valence electrons,
and PL emissions are then generated through the release of energy in
(radiative) electronic transitions. The strength of this artefact is con-
trolled by thepresence and concentration of emission centres in thema-
terial analysed. Such luminescence centres or activators may include
structural defects and/or minor or trace elements incorporated into
the crystal structure (e.g., Marfunin, 1979; Blasse and Grabmeier, 1994).
Confusion of Raman bands with PL bands is likely especially if sam-
ples contain notable amounts of rare-earth elements (REE) with 4fthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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corporated in crystalline materials, they may cause narrow-line emis-
sions whose widths (0.1–0.3 nm, or a few cm−1, at room
temperature) are on the order of typical Raman-band widths. Narrow
band widths result from low electromagnetic impact of the ligands.
This is because electronic transitions of REE3+ among 4f electronic
levels are well-shielded by outer, ﬁlled 5s2 and 5p6 orbitals (weak-
ﬁeld case; see detailed description in e.g., Blasse and Grabmaier, 1994;
Lenz et al., 2013). The narrow REE-related emissionsmay therefore eas-
ily be mistaken as Raman bands and vice versa; publications describing
the Raman spectrum of REE-bearing minerals should hence be referred
to with appropriate caution. To substantiate this rather pessimistic
statement, a few examples are quoted here. Zhang et al. (2000) present-
ed a green-laser excitation (Ar+ 514.5 nm) spectrum of a sample
consisting of crystalline ZrO2 and amorphous SiO2, which showed
Raman bands of ZrO2 and additional bands in the Raman-shift range
1000–1100 cm−1. The latter were assigned by Zhang et al. (2000) to
Raman bands of crystalline ZrSiO4 and SiO2. The red-laser excitation
(He–Ne 632.8 nm) Raman spectrum of the very same sample (Nasdala
et al., 2004a) however only showed ZrO2 Raman bands. This indicates
that the additional bands obtained by Zhang et al. (2000) were green
(wavelength 541–546 nm) PL emissions (most likely caused by trace
Er3+; Gaft et al., 2000; Nasdala andHanchar, 2005). Theywere recorded
unintentionally in the same spectral range as the Raman bands just be-
cause green laser-excitation was used in that Raman experiment. Simi-
larly, Xian et al. (2004) failed to recognise that their Raman spectra of
zircon (obtained also with green laser excitation) were obscured by
Er3+ related PL-emissions, and they treated these emissions as Raman
bands (see critical discussion by Nasdala and Hanchar, 2005). Dill and
Weber (2010) presented “Raman spectra” of ﬂuorite in the Raman-
shift range 400–2400 cm−1 (note however that ﬂuorite has only one
single ﬁrst-order Raman band at 322 cm−1; Gee et al., 1966), and they
assigned by mistake REE-related PL emissions in their spectra to
Raman modes. Possible confusion of REE3+ emissions with Raman
bands has been discussed critically byMcCubbin et al. (2010). These au-
thors pointed out that in Raman spectra of ﬂuorapatite obtained with
532 nm excitation, Sm3+ emissions (wavelengths about 650 nm) are
recorded with apparent Raman shifts of 3300–3500 cm−1. These emis-
sions therefore may be mistaken easily as O–H stretching bands of
structurally bound hydroxyl groups.
Common accessory minerals (including titanite, monazite- and
xenotime-group minerals, and zircon) typically incorporate REEs. The
accurate assignment of REE signals in PL spectra of geological samples
is often challenging, because (i) minerals, whichwere formed in natural
and hence “polluted” geochemical environments, may contain simulta-
neously a range of REE species; (ii) emissions of several REEs may over-
lap in steady-state laser-induced PL spectra; and (iii) crystal-ﬁeld
splitting of REE luminescence transitions depends on the local structural
environments of the REE3+ cations. The latter may cause varying num-
bers and exact positions of sublevel bands for particular emissions of a
REE, depending on its host mineral (see Lenz et al., 2013, and references
therein).
One challenging task for luminescence studies was, and still is, the
detection and correct assignment of REEs in different host minerals
(Tarashchan, 1978; Waychunas and Tarashchan, 1995; Habermann
et al., 1996; Reisfeld et al., 1996; Baumer et al., 1997; Gaft et al., 1999,
2001; Götze et al., 1999a,b; Blanc et al., 2000; Gorobets and Rogojine,
2001; Waychunas, 2002; Richter et al., 2004; Czaja et al., 2008). A com-
prehensive but perhaps still incomplete overview of mineral species
showing REE photoluminescence was given by Gaft et al. (2005). In
the past years, the application of time-resolved luminescence spectros-
copy – that utilizes the different decay times of luminescence centres –
has strongly improved the reliability and sensitivity in detecting REEs in
minerals (e.g., Gaft et al., 2001, 2003, 2005). In spite of this progress, re-
liable interpretation of PL bands of unknown materials requires the
availability of reference spectra obtained from synthetic analoguesindividually doped with the REE under consideration. For zircon, such
investigations have been done already by Cesbron et al. (1995), Blanc
et al. (2000), Gaft et al. (2000), Karali et al. (2000), Finch et al. (2004)
and Friis et al. (2010).
Following the latter concept, this present study addresses PL arte-
facts in Raman spectra of the accessoryminerals titanite, xenotime—(Y),
monazite—(Ce), and zircon. This is done by comparing spectra of a se-
ries of natural samples with spectra of synthetic analogues doped with
a single REE (with REE in the series Pr3+ to Tm3+, except Pm3+ and
Gd3+). These REEs are known to cause PL emissions in the visible to
near infrared (NIR) range of the electromagnetic spectrum (Gaft et al.,
2005). In the case of titanite, which is known to contain occasionally no-
table amounts of chromium (e.g., Higgins and Ribbe, 1976; Fleischer,
1978), synthetic Cr-doped CaTiSiO5 was included in addition. The pres-
ent paper aims at pointing the readers' attention to possible biases in
the interpretation of Raman spectra of REE-containing accessories, but
also at emphasizing opportunities of the use of REE-emission character-
istics to identify REEs, and to characterise their host minerals/materials.
2. Samples and experimental
2.1. Samples investigated
Samples investigated in this present study comprise ﬁrst a suite of
natural titanite, monazite—(Ce), xenotime—(Y), and zircon specimens.
The latter are provided by collections of the Natural History Museum
Vienna, Austria (NHM), the Institute of Mineralogy and Crystallography
at the University of Vienna, and the authors. Second, synthetic ana-
logues were produced and studied, either un-doped or doped with
one individual REE or Cr (the latter only for titanite).
Natural titanite samples are from Schiedergraben, Felben Valley,
Hohe Tauern, Salzburg Austria (sample Tit-A), a typical alpine cleft-
type mineralisation hosted in amphibolites which is well-known
for large, greenish titanite crystals (Strasser, 1989); São Geraldo do
Araguaia, Pará, Brazil (sample Tit-B); the Mt. Painter uranium mining
district, Arkaroola region, North Flinders Ranges, Australia (sample
Tit-C; details on geology may be found in Coats and Blissett, 1971);
Gratton Renfrew Co., Ontario, Kanada (sample Tit-D), a skarn located in
the extensively metamorphosed Grenville Province (e.g., Kennedy et al.,
2010); and from the Saranovskii mine (Saranovskoe), Saranovskaya
village (Sarany), Gornozavodskii area, Permskaya Oblast', Middle Urals,
Russia (sample Tit-E), ultrabasic gabbroic to gabbronoritic intrusions in
Precambrian schist and quartzite with chromite ore-bodies and diabas
gangue with Cr-bearing titanite in voids (see details in Ivanov, 1979 and
Voitovich, 1993).
Natural monazite—(Ce) samples are from Braban Farm, Namibia
(sample Namon); Itambé, Brazil (sample GM2); and Madagascar (sam-
ples VL-1, F6, and Madmon). Detailed information on F6 was published
by Fletcher et al. (2010), and Madmon has been described by Schulz
et al. (2007). Results of a detailed study on those ﬁve monazite—(Ce)
samples, including U–Th–Pb ages, Raman spectroscopic and electron
probe micro-analysis (EPMA) data, have been published by Ruschel
et al. (2012). In addition, a Nd3+ PL study of this suite of samples have
been published by Lenz et al. (2013).
Natural xenotime—(Y) samples studied here originate frompegmatit-
ic lenses in the Gföhl gneiss near Königsalm, Senftenberg, Waldviertel,
Austria (sample Xen-A; for details see Niedermayr, 1969); a pegmatite
near Novo Horizonte, Bahia, Brazil (sample Xen-B); and a pegmatite
near Brindletown, North Carolina, USA (sample Xen-C, for details and fur-
ther description see sample “E4947” in Talla et al., 2011).
Zircon samples are from an alkaline pegmatite from the Zomba–
Malosa complex of the alkaline province in Malawi (sample Zir-A;
NHM-sample N3848; see e.g., in Woolley and Jones, 1992; Soman
et al., 2010 for geological details); gemstone placers in the Ratnapura
district, Sri Lanka (samples M144 and N17, for details see Nasdala
et al., 2004b); a pegmatoid near Pack, Packalpe, Styria, Austria (sample
3C. Lenz et al. / Chemical Geology 415 (2015) 1–16Zir-D; NHM-sample L6521; see locality description inWeiss, 1972); and
two placer deposits in Chantanaburi (sample Zir-E) and Kanchanaburi
(sample Zir-F), Thailand.
2.2. Details on sample synthesis
Synthetic monazite—(Ce) and xenotime—(Y) crystals were pro-
duced by a ﬂux method using a slow-cooling route with NaPO3 as ﬂux
material. Sodium polyphosphate was mixed with the reactants Y2O3
(for xenotime) or CeO2 (for monazite) and one REE2O3 (REE = all
lanthanoids fromPr to Tm, except Pm3+ andGd).Mixtureswere heated
in covered platinum crucibles to a peak temperature of 1170 °C, held for
2 hours and then slowly cooled to 600 °C at a rate of−1.5 °C per hour.
The samples were left in the furnace to cool down slowly to room tem-
perature. Single-crystals were recovered from the crucibles by dissolv-
ing the ﬂux in distilled water, and dried in air. Crystal sizes range from
0.3 to 4 mm.
The sodium-tetraborate ﬂux synthesis route by Mazdab (2009) was
adopted to produce synthetic titanite single-crystals. Reducing the
cooling rate to half of that proposed by Mazdab (2009) produced com-
parably large crystals up to 8 mm in size. The REE-doping of CaTiSiO5
crystals was achieved by adding 1 mg of the respective REE2O3 oxide
to the reactants. In case of Cr-doping, the molar ratio Ca/(Ti + Cr) was
chosen to be 1:1. This prevented excess TiO2 to crystallize as rutile. For
sample recovery, the crucible contents were exposed to an aqueous
HNO3 solution (w= 0.2) for three days. The crystals along with the re-
mainders of ﬂux could then be extracted from the crucibles with mod-
erate mechanical effort. More details on the titanite syntheses are
reported elsewhere (Nasdala et al., 2014).
Synthesis of zircon crystals (up to 1.5mm in size) was accomplished
by a ﬂux technique similar to that described by Cesbron et al. (1995)
andHanchar et al. (2001). In our synthesis routewe combined the evap-
oration of the highly volatile MoO3 with a rapid cooling rate. This
allowed us to use an alkali-free mixture of 0.53 g ZrO2, 0.26 g SiO2 and
10 g MoO3, thereby preventing the incorporation of Li+ into the zircon
crystals (compare Hanchar et al., 2001). To produce REE-doped ZrSiO4
(REE = Pr to Tm, except Gd), a minor amount of REE2O3 was added
without any additional charge-compensating chemical species. The
temperature path consisted of heating the loosely capped Pt crucibles
to 1100 °C at a rate of 216 °C per hour. Without any soaking interval,
the temperature was then reduced to 700 °C, at a rate of−26.5 °C per
hour. Afterwards, the furnace was switched off but left closed, to allow
samples to cool slowly to room temperature. Crystals were readily ex-
tracted from the crucibles (i.e., without the need to use any chemical re-
agents to dissolve the ﬂux) by washing in distilled water and drying in
air. Further details on the synthesis route may be found in Lenz et al.
(2013).
For Raman, PL-emission spectroscopy (including hyperspectral PL
mapping) and chemical analyses, single-crystals were embedded in
epoxy, and polished mounts were produced. Polycrystalline, coarse-
grained sample powders (ca. 100 mg each; grain size ca. 100–250 μm)
were used for PL-excitation spectroscopy.
2.3. Analytical methods
Laser-induced photoluminescence and Raman measurements were
carried out at room temperature using three dispersive single-stage
spectrometers: a Horiba (Jobin Yvon) LabRam HR Evolution (473 nm,
532 nm, and 633 nm excitation; 600 grooves/mm grating), a Horiba
(Jobin Yvon) LabRam HR800 (532 nm, 633 nm, and 785 nm excitation;
600 grooves/mm grating), and a Renishaw RM-1000 (514 nm excita-
tion; 1200 grooves/mm grating). Laser energies were adjusted to
about 3–20mWat the sample surface. All three systemswere equipped
with a Si-based, Peltier-cooled charge-coupled device (CCD) detector.
The two Horiba systems were operated in the confocal mode. Using an
Olympus 100× objective (numerical aperture = 0.9), the lateralresolution was on the order of 1 μm, and the depth resolution (with
the laser beam focused at the sample surface) was better than 3 μm.
The spectral resolution was between 3 cm−1 (in the blue range) and
1.5 cm−1 (near infrared). The Renishaw systemhas a quasi-confocal ar-
rangement of the beam path (a confocal slit combined with pixel bin-
ning on the CCD). A Leica 20× objective (numerical aperture = 0.4)
was used. The spatial resolution is assessed as ca. 4 μm (lateral) and
ca. 10–15 μm (depth), respectively. Wavenumber calibration was
done using the Rayleigh line and Ne lamp emissions; the wavenumber
accuracywas better than 0.5 cm−1. Hyperspectral PLmapswere obtain-
ed by means of the Horiba Evolution system, using a software-
controlled x–y stage. The step width was 3 μm.
Photoluminescence excitation spectra were recorded using a Horiba
Fluorolog 3 operatedwith a xenon lamp(450W) and1200 grooves/mm
gratings in the excitation and the emission pathway. The spectral
resolution was determined at ~1 nm. Wavelength calibration was
done using xenon lamp emissions. A photon counting R928P
photomultiplier (PMT) detector, operating in the 190–860 nm spectral
range, was used.
Rare earth elements were determined by laser-ablation inductive-
coupled plasma mass-spectrometry (LA–ICP-MS) at the NAWI Graz
Central Lab for Water, Minerals and Rocks, University of Graz and Graz
University of Technology. The material was ablated by using an ESI
NWR 193 laser ablation unit equipped with a 193 nm excimer laser
which was pulsed at 9 Hz, 75 μm spot size corresponding to an energy
of ~7.8 J cm−2 and then analysed with an Agilent 7500ce quadrupole
ICP-MS. Helium was used as carrier gas at ~0.6 l/min ﬂow and data
were acquired in time-resolved mode. For each analysis a 30 second
gas blank was obtained for background correction, followed by 60 s of
active laser and a wash out time of 45 s. The standard glass NIST610
(Jochum et al., 2011) was used for standardization and drift correction
for zircon and titanite while the USGS phosphate standard MAPS-4
was used for monazite and xenotime. The zircon reference standards
91500 (Wiedenbeck et al., 2004) and Plesovice (Sláma et al., 2008) as
well as the NIST612 glass (Jochum et al., 2011) were analysed as un-
knowns to monitor the accuracy of the measurements. The standards
could be reproducedwithin±10% of the recommended values. Data re-
duction was performed silicon as internal standard for zircon and
titanite while phosphorus was used as internal standard for monazite
and xenotime.
The P2O5 concentration in monazite—(Ce) and xenotime—(Y) as
well as selected REEs were determined by EPMA at the Eugen F.
Stumpﬂ — Electron Microprobe Laboratory, UZAG (University of Graz,
Graz University of Technology and University of Leoben). Analytical
conditions were 15 kV accelerating high voltage, 10 nA probe current
on PCD. Natural REE-phosphates, a natural monazite as well as a REE-
doped silicate glass were used as calibration standards. Peak and back-
grounds were carefully set to avoid any line overlap.
3. Results and discussion
3.1. Titanite — CaTiSiO5
Results of LA–ICP-MS analysis of trace element concentrations in
natural and synthetic titanite samples are quoted in Table 1. Chromium
and REE concentrations vary appreciably among the natural samples in-
vestigated, depending on sample origin. Samples Tit-B, Tit-C, and Tit-D
are characterised by relatively low Cr (b100 ppm) and elevated REE
concentrations (ranging from ca. 1100 to 16,600 ppm). Titanite sample
Tit-A, by contrast, yielded elevated Cr (ca. 160–1930 ppm) and low REE
concentrations (b200 ppm); and sample Tit-E was found to be rich in
both, Cr and REE (see Table 1). Chromium and other metals, such as
Nb, Ta, V, Mn, Mg, Sn, Al, and Fe, are generally considered to be incorpo-
rated at the six-fold coordinated Ti-site (Higgins and Ribbe, 1976;
Fleischer, 1978), whereas REEs substitute Ca on its large, seven-
coordinated site (Hughes et al., 1997). Charge-balance of trivalent REE
Table 1
Chromium and REE concentrations of natural titanite samples and synthetic REE-doped CaTiSiO5 as determined by LA–ICP-MS analysis (element concentrations given in ppm).
Sample
description
Tit-A Schiedergraben, Felbertal, Salzburg, Austria Tit-B São Geraldo do Araguaia, Brazil Tit-C Mt. Painter, Australia Tit-D Gratan, Ontario, Kanada
Spot 124 125 126 127 128 120 121 122 123 117 118 119 114 115 116
Cr 1930 1933 351 166 284 55.45 64.0 43.3 47.9 45.1 42.7 43.5 24.34 23 23.1
Y 373 335 128 15.9 50.44 190 202 361 193 10,660 10,980 10,842 1549 1526 1524
La 0.01 0.02 0.10 b0.01 b0.01 85.5 97.8 64.5 52.6 906 927 918 498 497 514
Ce 0.16 0.21 0.21 0.02 0.05 449 476 410 333 5322 5436 5323 2286 2311 2392
Pr 0.08 0.09 0.07 0.01 0.02 74.6 74.5 83.5 60.0 1064 1075 1090 381 381 392
Nd 1.12 1.01 0.70 0.10 0.36 345 338 452 298 5496 5627 5685 1816 1802 1829
Sm 2.40 2.45 1.38 0.23 0.62 75.4 75.5 129 73.4 1647 1703 1707 424 435 431
Eu 1.24 1.12 0.94 0.15 0.51 41.3 35.6 59.9 41.9 134 137 140 86.6 91.3 87.7
Gd 10.2 9.49 4.86 0.68 1.92 69.4 69.9 123 68.5 1679 1709 1737 354 370 355
Tb 3.88 3.63 1.58 0.21 0.62 8.51 8.67 16.3 8.19 310 314 319 55.7 56.9 54.7
Dy 46.5 42.8 16.7 2.21 6.36 42.6 44.3 85.2 42.2 2084 2089 2150 345 348 335
Ho 13.8 12.7 4.77 0.56 1.74 7.14 7.37 14.0 7.13 402 413 416 65.8 64.9 63.1
Er 52.0 47.2 17.1 1.89 6.33 17.7 18.5 34.4 17.8 1190 1224 1222 182 180 175.5
Tm 7.89 7.17 2.62 0.30 0.94 2.17 2.29 4.10 2.20 171 176 175 23.8 23.7 22.8
Yb 48.7 44.0 16.9 1.87 6.37 13.6 14.8 23.3 13.5 1076 1112 1113 133 135 131
Lu 5.29 4.87 2.00 0.19 0.75 1.75 1.94 2.41 1.72 121 125 128 13.6 13.7 13.4
LREE 15.2 14.4 8.26 1.18 3.48 1140 1167 1321 927 16,247 16,615 16,599 5845 5886 6001
HREE 178 162 61.6 7.23 23.11 93.4 97.9 180 92.8 5355 5453 5522 818 822 795
REE total 193 177 69.9 8.41 26.59 1234 1265 1501 1020 21,602 22,068 22,121 6664 6709 6797
Table 1 (continued)
Sample
description
Tit-E Sarany, Ural Mts., Russia Tit-Sm synthetic Sm-doped
CaTiSiO5
Tit-Pr synthetic
Pr-doped CaTiSiO5
Tit-Nd synthetic
Nd-doped CaTiSiO5
Tit-Eu synthetic Eu-doped
CaTiSiO5
Spot 109 110 111 112 113 97 98 99 100 101 102 103 104 105 106 107 108
Cr 2217 3142 2407 4109 3906 1.56 1.76 1.39 6.97 6.05 6.15 2.23 2.30 2.50 3.31 3.25 3.46
Y 343 192 586 52.5 148 0.31 0.36 0.38 23.6 22.3 23.0 0.10 0.06 0.07 0.44 0.41 0.42
La 95.3 50.7 51.3 14.4 44.2 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.01 0.02 0.02 0.01
Ce 538 292 338 95.9 255 0.03 0.04 0.03 0.58 0.07 0.08 0.05 0.03 0.03 0.05 0.06 0.04
Pr 74.3 40.64 67.3 15.8 39.2 b0.01 b0.01 0.01 171 175 169 0.01 0.01 0.01 0.05 0.04 0.05
Nd 312 172 363 74.7 170 0.05 0.02 0.03 1.18 0.69 0.63 306 205 204 0.08 0.06 0.07
Sm 75.4 43.9 131 16.9 37.1 421 406 402 b0.03 b0.03 b0.03 b0.03 b0.03 b0.03 b0.03 b0.03 b0.03
Eu 61.8 36.2 81.0 13.0 27.5 b0.01 b0.01 0.01 0.02 0.02 0.02 b0.01 b0.01 0.01 199 190.79 192
Gd 83.2 47.7 145 15.7 38.0 b0.03 b0.03 b0.03 2.74 2.64 2.67 b0.03 b0.03 b0.03 b0.03 b0.03 b0.03
Tb 12.4 7.29 23.7 2.26 5.78 b0.01 b0.01 b0.01 0.01 0.01 b0.01 0.08 0.06 0.06 b0.01 b0.01 b0.01
Dy 74.5 44.1 143 12.9 34.8 0.25 0.21 0.22 0.47 0.42 0.48 0.04 0.04 0.04 0.04 0.04 0.03
Ho 13.2 7.59 23.5 2.17 6.13 0.05 0.05 0.05 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01
Er 31.6 18.3 52.5 4.89 14.4 0.10 0.09 0.08 b0.01 0.01 b0.01 0.13 0.09 0.07 b0.01 b0.01 b0.01
Tm 3.66 2.04 5.79 0.54 1.65 0.01 0.01 0.01 1.02 1.02 1.01 b0.01 b0.01 b0.01 0.03 0.02 0.02
Yb 19.3 11.0 28.2 2.82 8.63 b0.02 b0.02 b0.02 b0.02 b0.02 b0.02 b0.02 b0.02 b0.02 b0.02 0.02 b0.02
Lu 1.56 0.85 1.97 0.22 0.70 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01
LREE 1240 683 1178 246 612 421 406 402 175 178 172 306 205 204 199 191 192
HREE 156 91.1 279 25.8 72.1 0.41 0.36 0.36 1.50 1.46 1.49 0.25 0.19 0.18 0.07 0.08 0.06
REE total 1396 774 1456 272 684 421 406 402 177 189 173 306 205 204 199 191 192
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Fig. 1. Raman spectra of titanite from São Geraldo do Araguaia (Brazil) obtained using four different laser excitation-wavelengths (473, 532.1, 632.8, and 785 nm) (A) in comparison with
laser induced PL spectra (λexc= 473 nm) of synthetic CaTiSiO5 individually dopedwith Nd3+, Pr3+, Sm3+, and Cr3+ (B). As in all following plots, spectra are shownwith vertical offset for
clarity. Note that all spectra are plotted on the same absolute scale (wavenumber/wavelength); emission lines are hence directly comparable. In subﬁgure A, individual x-axes (Raman
shift) are implemented for each individual laser excitation. Assignments of REE3+ electronic transitions and Russel–Saunders terms in this ﬁgure, and in Figs. 3–6 below, have been
extracted from ‘Dieke’ energy-level diagrams (e.g., Dieke and Crosswhite, 1963; Carnall et al., 1968; Reisfeld and Jørgensen, 1977).
5C. Lenz et al. / Chemical Geology 415 (2015) 1–16within the titanite structure is explained by a coupled substitution with
Al and Fe (e.g., Che et al., 2013):
Ca2þ þ Ti4þ ¼ REE3þ þ Al; Feð Þ3þ: ð1Þ
Fig. 1A shows Raman spectra of sample Tit-B from São Geraldo do
Araguaia (Brazil). Spectra were obtained from the same focal spot
using four different laser excitation-wavelengths (473, 532, 633, and
785 nm). Photoluminescence spectra of synthetic REE-doped CaTiSiO5
are plotted in Fig. 1B for direct comparison. Narrow-band PL emissions
caused by Nd3+, Pr3+, Sm3+, and a broad-band emission of Cr3+
(cf. Gaft et al., 2003), predominantly affect Raman spectra of the natural
samples investigated (cf. Fig. 1A). Moreover, less-intensive emissions ofEr3+ and Ho3+ excited with 532 nm laser have been detected (c.f., Gaft
et al., 2003).
Relative emission intensities of individual REEs depend strongly
on the excitation wavelength. The Raman spectra of titanite sample
Tit-B, obtained using a 473 nm laser-excitation, shows emissions of
Pr3+, Sm3+, and Nd3+. Green excitation (532 nm) excites preferen-
tially the PL of Sm3+ and Nd3+, red excitation (633 nm) predomi-
nantly Cr3+ and Nd3+, and NIR excitation (785 nm) Nd3+ only.
Spectra obtained with different excitations from the very same
micro-area may hence show vast differences in relative intensities
of individual REE emissions. These differences are due to strongly
energy-dependent excitation efﬁciencies of various luminescence
Fig. 2. Series of BSE image, panchromatic CL image, and two hyperspectral PLmaps of a chromian titanite from Sarani (UralMts., Russia; sample Tit-E). The PLmaps show colour-coded the
intensity of the narrow~600 nmSm3+ band (4G5/2→ 6H7/2 transition) and the ~780 nmCr3+ peak (4T2→ 4A2 broad-band emission), respectively. Locations of theﬁve LA–ICP-MS analysis
spots (cf. Table 1) are marked with arrows.
6 C. Lenz et al. / Chemical Geology 415 (2015) 1–16centres. The latter is supported by Fig. S1 (Supplementarymaterials),
which shows PL excitation spectra of a range of synthetic CaTiSiO5
samples doped with different REEs. An overlap of the laser photon-
energy with absorption levels of the respective REEs (i.e., preferred
excitation or “pumping” of these levels) may result in enhanced lu-
minescence emission. Different absorption levels of Pr3+, Nd3+,
and Sm3+, may hence be excited with varying efﬁciency using differ-
ent laser excitation-wavelengths (cf. Fig. S1).
Emissions of Nd3+ in titanite (between ca. 12,500 and 10,500 cm−1,
see Fig. 1) were detected with all laser excitations used in the present
study. Under 785 nm excitation, however, Nd3+ emissions are excep-
tionally strong (whereas Raman scattering is weaker under NIR excita-
tion when compared to visible excitation). Therefore, Raman spectra
of titanite samples obtained with IR excitation typically are obscured
vastly by Nd3+ emissions (compare also NIR reference spectra of the
RRUFFTM database; Downs, 2006; http://rruff.info/titanite). Another ex-
ample for Raman spectra being affected by REE emissionsmay be found
in the Romanian Database of Raman Spectroscopy (RDRS; Buzgar et al.,
2009). Their titanite spectrum (obtained with green laser excitation) is
affected by notable Sm3+ photoluminescence (cf. Fig. 1).
Relative emission intensities of individual REEs depend also on REE
concentrations present, that is, on the speciﬁc geochemical composition
of the sample analysed. Titanite sample Tit-A is characterised by excep-
tionally low REE concentrations and comparably high concentrations of
Cr (see Table 1). As a result, PL spectra of this sample are dominated by
the PL of Cr3+ only, whereas titanite samples that contain elevated
amounts of REEs are dominated by emissions of REE3+ (e.g., samples
Tit-C and Tit-D, Table 1), or both the emissions of Cr3+ and REE3+ (sam-
ple Tit-E; spectra not shown). Note, however, that very high Cr contents
may potentially quench emissions of the REE3+, which has been ob-
served for synthetic, Cr-doped titanite pigments (Nasdala et al., 2014).
Fig. 2 presents BSE and CL images of a Cr-bearing titanite sample
from Sarany (Ural Mts., Russia; cf. sample Tit-E) in comparison with
hyperspectral PL maps. Colour-coded PL maps were produced using
the intensity of two different PL centres (Sm3+ and Cr3+) as mapping
parameters. The emission intensities of Sm3+ and Cr3+ vary in depen-
dence on their concentrations, respectively. High Sm3+ PL intensity is
accompanied by elevated Sm concentrations (compare spot 109 in
Fig. 2 and Table 2) and high Cr concentrations result in increased Cr3+
PL intensities (compare spot 112 in Fig. 2 and Table 2), and vice versa.
Note that PL intensities of Sm3+ and Cr3+ are inversely correlated.
This is due to inverse concentrations of these trace elements. The largecentral interior region has higher Cr than Sm concentrations and, corre-
spondingly, the PL spectrum is dominated by the Cr3+-related broad-
band emission. The opposite (i.e., low Cr and high Sm concentration
and Sm-dominated PL emission) was observed for the sample's outer
area. The latter may indicate a possible alteration or replacement reac-
tion rim (see also the Sm3+ PL intensity increase and Cr3+ decrease
along large internal fractures, particularly recognisable near the bot-
toms of the PL maps).
3.2. Monazite—(Ce) and xenotime—(Y)
Results of chemical analyses of natural monazite—(Ce) samples
investigated in the present study (samples F6, GM2, Mad, Nam and
VK-1) were published elsewhere (cf. Table 3 of Ruschel et al., 2012).
These ﬁve natural samples were found to be homogeneous in terms of
chemical composition. They are characterised by generally high concen-
trations of light rare-earth elements (LREE) – especially of Nd2O3 (7.9–
15.3 wt.%), Sm2O3 (1.2–5.0 wt.%), Pr2O3 (2.5–3.8 wt.%) – and variable
concentrations of ThO2 (6.6–14.2 wt.%). Both the REE2O3 and ThO2 con-
centrations are fairly homogeneous on a scalewithin individual samples
but vary appreciably among samples.
Chemical compositions of synthetic CePO4 samples individually
doped with Sm, Nd, or Pr, are quoted in Table 2. Concentrations of
the respective intended dopant (REE concentrations in the range
0.3–1.5 wt.%) is always clearly higher than concentrations of all other
trace REE, with the latter being assigned to impurities in the chemical
reagents.
Results of chemical analyses of natural xenotime—(Y) and synthetic
YPO4 samples investigated in this present study are quoted in Table 2,
also. Synthetic YPO4 crystals have dopant concentrations (ranging
from 1.5 to 9.0 wt.%) that are appreciably higher than concentrations
of all other REEs. Natural xenotime—(Y) samples contain variable
amounts of UO2 and ThO2 (up to 5.47 wt.% UO2 in sample Xen-C) and
comparably high amounts of HREEs (i.e., Gd, Dy, Ho, Er, and Yb). The
preferential incorporation of HREEs in xenotime—(Y) and tetragonal
YPO4 respectively, is assigned to the fact that the REEO8 polyhedron in
this mineral structure favours the incorporation of the (smaller) heavy
rare-earth elements (HREE: Tb–Lu; Ni et al., 1995).
Fig. 3 shows two Raman spectra of a monazite—(Ce) sample from
Itambé, Brazil (sample GM2), which are both heavily affected by the
PL of REE3+ (see Raman reference-spectrum of undoped CePO4 in
Fig. 3 for comparison). Typical Raman modes of monazite-type
Table 2
Chemical composition of synthetic REE-doped CePO4, YPO4, and natural xenotime samples as determined by EPMA (data quoted in wt.%). Trace element concentrations were determined by LA–ICP-MS analyses (data given in ppm).
Element oxide concentrationsa
ThO2 UO2 Y2O3 La2O3 Ce2O3 Pr2O3 Nd2O3 Sm2O3 Eu2O3 Gd2O3 Tb2O3 Dy2O3 Ho2O3 Er2O3 Tm2O3 Yb2O3 Lu2O3 P2O5
Sample Mz-Sm (synthetic Sm-doped CePO4)
0.05 b0.01 337 1.46 70.12 wt.% 2.92 1.86 1.53 wt.% 16.8 1863 38.1 24.8 3.51 6.67 0.77 0.32 0.01 30.64 wt.%
Sample Mz-Nd (synthetic Nd-doped CePO4)
0.02 b0.01 4.44 1.21 71.73 wt.% 3.22 3316 0.11 1.16 1858 39.6 3.00 0.54 1.74 0.26 0.28 0.01 30.76 wt.%
Sample Mz-Pr (synthetic Pr-doped CePO4)
0.04 b0.01 60.6 3.80 70.70 wt.% 1.39 wt.% 12.4 0.08 1.10 2110 36.9 1.75 0.03 0.03 b0.01 0.28 0.01 30.66 wt.%
Sample Xen-Eu (synthetic Eu-doped YPO4)
0.53 b0.01 60.26 wt.% 0.12 516 0.03 3.72 0.05 1.63 wt.% 1.15 0.03 0.16 84.1 0.24 20.4 0.04 0.01 38.86 wt.%
Sample Xen-Sm (synthetic Sm-doped YPO4)
b0.01 b0.01 58.15 wt.% 3.65 29.0 4.55 31.3 4.55 wt.% 2.51 2.49 61.2 422 10.0 23.6 2.2 5.89 0.73 38.60 wt.%
Sample Xen-Tm (synthetic Tm-doped YPO4)
0.14 b0.01 59.78 wt.% 0.11 11.7 0.01 5.34 0.04 0.26 0.07 0.04 0.29 1360 0.52 1.97 wt.% 0.22 0.01 38.74 wt.%
Sample Xen-Nd (synthetic Nd-doped YPO4)
0.01 0.04 59.86 wt.% 4.73 39.9 11.2 2.50 wt.% 3.12 2.04 1.89 253 12.0 195 20.2 0.94 5.64 1.06 38.59 wt.%
Sample Xen-Er (synthetic Er-doped YPO4)
b0.01 b0.01 55.91 wt.% 1.56 14.3 3.04 23.0 229 0.21 1.64 33.4 76.5 2.04 9.16 wt.% 4.54 6.83 1.31 38.31 wt.%
Sample Xen-Dy (synthetic Dy-doped YPO4)
b0.01 b0.01 56.14 wt.% 2.83 19.9 4.20 28.0 2.63 0.93 1.98 321 7.77 wt.% 4.29 16.1 1.24 6.43 1.35 38.30 wt.%
Sample Xen-Ho (synthetic Ho-doped YPO4)
b0.01 b0.01 60.13 wt.% 1.83 11.3 3.36 24.6 9.7 243 2.43 8.25 21.7 9.98 wt.% 42.1 2.54 15.0 1.69 38.30 wt.%
Sample Xen-A (Königsalm, Senftenberg, Austria; pegmatite)
3040 6730 43.34 wt.% 109 1092 540 0.45 wt.% 0.45 wt.% 190 2.05 wt.% 0.59 wt.% 5.31 wt.% 1.7 wt.% 4.60 wt.% 0.85 wt.% 4.67 wt.% 1.08 wt.% 35.39 wt.%
Sample Xen-B (Novo Horizonte, Bahia, Brasilia; pegmatite)
1450 184 46.30 wt.% 1.74 32.7 40.7 1272 6408 4090 2.91 wt.% 9885 5.51 wt.% 1.9 wt.% 4.10 wt.% 6688 2.80 wt.% 3175 36.10 wt.%
Sample Xen-C (Brindletown, North Carolina, USA; pegmatite)
6013 5.47 wt.% 39.74 wt.% 107 985 490 5754 7789 707 2.01 wt.% 7592 4.63 wt.% 1.8 wt.% 4.67 wt.% 0.89 wt.% 5.45 wt.% 1.31 wt.% 33.30 wt.%
a Unless stated otherwise, values are quoted in ppm (data of trace element concentrations collected by means of LA–ICP-MS). Chemical compositions as revealed by means of EPMA analyses are quoted in wt.%.
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Fig. 3. Raman spectra of monazite—(Ce) from Itambé, Brazil (sample Gm2; bold black
graphs) and synthetic CePO4 single crystals (un-doped, Nd3+-doped, and Pr3+-doped;
grey graphs). Spectra were obtained using 785 nm (top) and 473 nm laser excitation
(bottom). Absolute wavenumbers corresponding to Raman shifts for the particular excita-
tion are shown at the respective top abscissa axis.
8 C. Lenz et al. / Chemical Geology 415 (2015) 1–16compounds have for instance been discussed by Begun et al. (1981) and
Silva et al. (2006). Note that spectra obtained using different lasers are
plotted on a relative scale, attaining Raman shifts to be directly compa-
rable. Spectra of REE-doped synthetic CePO4 crystals are shown for com-
parison. Note that PL emissions of Pr3+ and Nd3+ strongly mask the
Raman signal in the ﬁngerprint spectral range 100–1100 cm−1 as ob-
served using blue (473 nm) or NIR laser (785 nm). Similar to titanite,
Raman spectra of monazite—(Ce) obtained with NIR laser excitation
are typically obscured by the PL of Nd3+. An example is shown in
Fig. 3; more examples can be found in the RRUFF™ database (Downs,
2006; http://rruff.info/monazite) where all NIR-excitation spectra of
monazite—(Ce) are affected strongly by Nd emission bands. This arte-
fact is assigned to (i) generally high Nd concentrations in natural
monazite—(Ce) samples, and (ii) particularly effective excitation of
the 4F3/2→ 4I9/2 emission by NIR laser light (cf. Fig. S1, Supplementary
materials).
Comparison of the emission patterns of Nd3+ inmonazite—(Ce) and
titanite exempliﬁes that a certain REEmay result in very different num-
bers and positions of PL sublevel bands, depending on its host lattice.
The principal emission, as well as excitation levels of REE3+ (see
Fig. S1), appear at similar spectral regions in different host materials;
however the crystal-ﬁeld splitting of the transitions depends strongly
on the local crystallographic environment of the REE (compare spectra
of various REE3+, i.e., Pr3+, Nd3+, and Sm3+ in the monazite—(Ce) vs.
titanite structure; Fig. S1).
Raman spectra of a xenotime—(Y) sample from Novo Horizonte
(Bahia, Brazil; sample Xen-B in Table 2) are presented in Fig. 4. For
Raman band assignments of un-doped synthetic xenotime—(Y) seeGiarola et al. (2011); cf. also reference Raman spectrum in Fig. 4. This
ﬁgure shows that the PL of various REE3+ centres heavily obscures the
Raman signal of the natural xenotime—(Y) sample, virtually independent
of the laser excitation. The 5S2→ 5I8 transition of Ho3+ and the 4S3/2→
5I15/2 transition of Er3+ superimpose the Raman signal obtained with a
532 nm laser within the spectral range 100–1200 cm−1, and the
5F5→ 5I8 transition of Ho3+ and the 4F9/2→ 5I15/2 transition of Er3+ ob-
scure the ﬁngerprint spectral-range of the spectrum obtained under
633 nm excitation. The very same Er3+-related PL is observed in the
532 nm-excitation spectrum at about 3000–4000 cm−1; here it may
fake high-shift Raman signals. The emissions of Ho3+ and Er3+ are com-
mon PL-related artefacts in Raman spectra of natural xenotime-group
samples (cf. RRUFF™ database: Downs, 2006; cf. also xenotime spectrum
in the Raman database of the Department of Physics and Earth Sciences,
University of Parma: https://www.ﬁs.unipr.it/phevix/ramandb.php).
Moreover, PL emissions of Sm3+ and Eu3+ appear between 1300 and
3000 cm−1 Raman shift in spectra obtained with 532 nm excitation
(Fig. 4). Raman spectra obtained with NIR excitation are heavily affected
by Tm3+ and Nd3+ (cf. 785 nm spectrum in Fig. 4; and NIR reference
spectra from the RRUFF™ database). The excitation efﬁciency of variable
REE centres depends strongly on the excitation wavelength used. This is
further demonstrated by PL excitationmeasurements of selected synthet-
ic YPO4 mono-dopedwith REE3+ (see Fig. S2; Supplementary materials).
Photoluminescence spectra of the natural monazite—(Ce) and
xenotime—(Y) samples investigated in the present study are remarkably
uniform in terms of their REE3+ emission patterns (in contrast to titanite,
and zircon discussed below, where appreciable variations among emis-
sions of REEs are observed). Spectra were however found to differ in
bandwidths and absolute intensities of the overall REE emission patterns.
The bandwidths of individual PL bandsmay be strongly affected by struc-
tural disorder, which is reminiscent of the structurally related FWHMs of
Raman bands. Note that FWHMs of PL bands increase (and intensities
decrease) with increasing structural perturbation as caused by (1) in-
creasing compositional heterogeneity due to the incorporation of
heterovalent elements (Ruschel et al., 2012; Lenz et al., 2013) and (2) in-
creasing structural damage accumulated upon self-irradiation due to the
incorporation of the radioactive elements Th and U (Nasdala et al., 1995,
2013).
3.3. Zircon
Trace-element concentrations of natural zircon samples and syn-
thetic REE-doped ZrSiO4 determined by LA–ICP-MS analysis are pre-
sented in Table 3. Especially the concentrations of the actinides U4+
and Th4+ were found to vary appreciably (U, 39–7060 ppm; Th,
b0.01–663 ppm). These actinide elements substitute for Zr4+ in do-
decahedral coordination (D2d; Finch et al., 2001). The substitution of
(mainly heavy) REE into the structure has been explained primarily by
the coupled, xenotime-type substitution (e.g., Hanchar et al., 2001):
REE3þ;Y3þ
 
þ P5þ→Zr4þ þ Si4þ: ð2Þ
The effect of REE-related PL on Raman spectra of zircon is shown
in Fig. 5, for the example of a natural zircon sample from Kanchaburi,
Thailand (sample Zir-F). Spectra of synthetic, REE-doped ZrSiO4
crystals are presented for direct comparison. Descriptions of the
Raman spectrum of pure zircon (cf. Raman reference-spectrum
not affected by REE-PL in Fig. 5) were published for instance by
Dawson et al. (1971) and Syme et al. (1977). Similar to
xenotime—(Y), Raman spectra of zircon may be obscured strongly
by emissions of Tm3+ and Nd3+ if spectra were recorded using
785 nm laser-excitation. Emissions of Er3+ typically interfere with
Raman spectra obtained with green excitation (Fig. 5). Note that in
the 532 nm excitation and 514 nm excitation spectra shown in
Fig. 5, the 4S3/2 → 4I15/2 transition of Er3+ is observed as group of
Fig. 4.Raman spectra of xenotime—(Y) fromNovoHorizonte (Bahia, Brazil; sample Xen-B) obtained using three different excitationwavelengths (785, 633, and 532.1nm), shown in com-
parison with spectra of synthetic REE-doped YPO4. The Raman-shift region of PO4 stretching bands is highlighted with a grey bar.
9C. Lenz et al. / Chemical Geology 415 (2015) 1–16bands at different relative Raman shifts, but is located at constant ab-
solute wavenumber (see spectra's speciﬁc top axes in Fig. 5).
The potential complexity of effects of the sample's chemical compo-
sition and structural state on its REE emissions is demonstrated in Fig. 6.
Spectra of four natural zircon samples are presented (all obtained with
473 nm excitation); these samples show appreciable compositional dif-
ferences (Table 3) and cover the range from mildly radiation-damaged
tometamict. According to our PL observations,most natural zircon sam-
ples showan emission pattern similar to that shown in Fig. 6A. The spec-
trum of a zircon sample from Chantanaburi, Thailand (sample Zir-E) isdominated by Dy3+ whereas emissions of Sm3+ (for assignment com-
pare the spectrum of the Sm-doped reference in Fig. 6C below) and
other REEs are comparably weak. Here, the 4F9/2→ 6H15/2 transition of
Dy3+ (ca. 480 nm wavelength) obscures vastly the Raman-ﬁngerprint
spectral range.
Fig. 6B shows the PL spectrum of a metamict zircon sample from Sri
Lanka (sample N17 in Table 3). This spectrum is characterised by elec-
tronic transitions of Dy3+ and Sm3+ aswell, however emissions are ob-
served as broad humps. In contrast to PL spectra of the other natural
samples and the synthetic references in Fig. 6, REE emissions of sample
Table 3
Trace-element concentrations of natural zircon samples and synthetic REE-doped ZrSiO4 as determined by LA–ICP-MS analysis (element concentrations given in ppm).
Sample no.
description
Zir-A Mt. Malosa, Malawi; al-
kaline pegmatite
M144a Ratnapura, Sri Lanka; gem
gravel
N17a Ratnapura, Sri Lanka; gem
gravel
Zir-D Pack, Styria, Austria pegmatite Zir-E Chantanaburi, Thailand gem
gravel
Spot no. 63 64 69 70 71 72 73 74 75 76 90 91 92
U 130 103 421 424 428 6510 7060 166 71.2 17.9 40.8 38.8 50.1
Th 663 308 135 138 136 334 368 0.01 0.01 b0.01 15.3 19.7 26.2
Mo 0.61 0.62 0.65 0.68 0.69 0.63 0.62 0.62 0.64 0.56 0.64 0.69 0.72
Y 8350 13,800 122 121 122 234 245 310 156 270 187 273 361
La 560 52.5 0.01 b0.01 0.01 0.02 0.02 b0.01 b0.01 b0.01 b0.01 0.01 b0.01
Ce 5860 1880 3.49 3.36 3.30 5.04 5.63 b0.01 b0.01 b0.01 0.86 0.89 1.03
Pr 860 146 0.05 0.05 0.05 0.35 0.41 b0.01 b0.01 b0.01 0.01 0.05 0.05
Nd 3570 998 0.71 0.70 0.73 5.89 7.14 b0.03 b0.03 b0.03 0.27 0.83 1.09
Sm 810 554 1.11 1.11 1.10 22.4 25.2 b0.03 b0.03 b0.03 0.58 2.00 2.69
Eu 53.0 47.7 0.26 0.23 0.30 0.01 0.01 0.01 b0.01 b0.01 0.54 1.45 1.90
Gd 705 808 3.66 3.80 3.68 96.2 103 0.06 0.04 0.03 3.91 9.27 11.5
Tb 125 179 0.97 0.97 0.95 21.9 23.2 0.07 0.03 0.03 1.53 3.09 3.91
Dy 928 1500 10.7 10.6 10.5 99.2 106 3.20 1.34 1.84 19.5 33.3 43.0
Ho 228 385 3.78 3.70 3.73 7.15 7.54 5.11 2.59 4.28 6.71 10.3 12.9
Er 874 1580 17.9 17.8 17.8 4.57 4.80 97.2 53.7 103 29.3 42.2 52.8
Tm 163 293 3.76 3.85 3.81 0.13 0.12 52.5 29.6 66.4 5.77 7.63 9.77
Yb 1340 2500 36.9 35.5 36.1 0.32 0.35 846 492 1250 47.8 62.9 78.0
Lu 174 320 6.41 6.45 6.29 0.06 0.06 203 124 362 7.96 9.69 12.1
LREE 12,400 4490 9.19 9.25 9.18 130 142 0.07 0.04 0.04 6.17 14.5 18.2
HREE 3840 6750 80.4 78.8 79.1 133 142 1210 703 1780 119 169 212
REE total 16,300 11,200 89.6 88.0 88.3 263 284 1210 703 1780 125 184 231
Table 3 (continued)
Sample no.
description
Zir-F Kanchanaburi, Thailand
gem gravel
Ho-0.8 synthetic
Ho-doped ZrSiO4
Tm-0.8 synthetic
Tm-doped ZrSiO4
Nd-0.8 synthetic
Nd-doped ZrSiO4
Sm-2 synthetic Sm-doped
ZrSiO4
Dy-0.2 Dy-doped
ZrSiO4
Spot no. 93 94 95 96 77 78 79 80 81 82 83 84 87
U 81.5 282 319 248 0.04 0.05 0.07 0.04 0.06 0.10 0.08 0.04 0.16
Th 47.3 145 188 134 0.01 0.02 0.02 0.04 0.07 0.18 0.01 b0.01 0.01
Mo 0.64 0.71 0.68 0.63 304 939 4650 1700 505 14,700 1480 49 4920
Y 407 858 654 864 0.06 0.10 0.07 0.11 0.49 1.11 0.09 0.13 1940
La b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 0.01 b0.01 b0.01 b0.01 b0.01 b0.01 0.02
Ce 4.86 6.86 7.81 7.40 b0.01 b0.01 0.01 0.02 0.01 0.08 b0.01 b0.01 0.01
Pr 0.02 0.03 0.05 0.04 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 0.47
Nd 0.25 0.50 0.63 0.51 b0.03 b0.03 b0.03 0.03 11.6 109 b0.03 b0.03 16.7
Sm 0.82 1.34 1.41 1.48 b0.03 b0.03 b0.03 b0.03 b0.03 b0.03 109 146 0.68
Eu 0.36 0.16 0.23 0.20 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 0.01
Gd 5.21 9.10 8.28 9.45 0.03 0.08 0.06 0.17 0.07 0.15 0.08 0.07 0.20
Tb 2.17 4.03 3.49 4.19 b0.01 b0.01 b0.01 b0.01 0.01 0.03 b0.01 b0.01 0.02
Dy 30.1 59.0 49.3 60.8 0.02 b0.02 b0.02 b0.02 0.23 0.54 0.07 0.11 12,000
Ho 12.5 24.7 19.6 24.9 561 905 0.10 0.15 0.13 0.26 0.14 0.20 0.10
Er 68.3 138 104 136 0.08 0.10 0.15 0.20 b0.02 0.06 0.04 0.04 0.03
Tm 16.5 33.2 24.7 33.0 0.16 0.25 1070 1310 b0.01 b0.01 0.01 0.01 0.01
Yb 164 343 252 340 0.03 0.06 0.04 b0.02 0.03 0.06 0.02 0.03 0.23
Lu 32.2 67.2 46.9 65.2 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 b0.01 0.10
LREE 11.5 17.9 18.4 19.1 0.04 0.08 0.08 0.24 11.7 109 109 147 18.1
HREE 326 667 500 665 562 906 1070 1320 0.39 0.95 0.28 0.40 12,000
REE total 337 687 519 684 562 906 1070 1320 12.1 110 109 147 12,000
a For detailed sample description see Nasdala et al. (2004b).
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Fig. 5. Raman spectra of zircon from Kanchanaburi, Thailand (bold black graphs; sample
Zir-A) and synthetic, un-doped and REE-doped ZrSiO4 single crystals (grey graphs). Spec-
tra were obtained using 785 nm, 532.1 nm, and 514.5 nm excitation. The Raman-shift re-
gion of SiO4 stretching bands is highlighted with a grey bar.
11C. Lenz et al. / Chemical Geology 415 (2015) 1–16N17 are not affected anymore by crystal-ﬁeld splitting, which is due to
this sample's amorphous state (see elevated U concentrations in
Table 3; compare also X-ray and transmission electron microscopy
results of Nasdala et al. (2004b)). The effect of amorphisation on the
PL has been veriﬁed in an annealing experiment of Nasdala et al.
(2004b). These authors observed that after recrystallization upon
dry annealing of zircon N17, splitting of REE transitions into multitudes
of Stark's levels was recovered. Recently, it has been demonstrated that
emissions of Dy3+ and Nd3+ in zirconmay be used for a luminescence-
based spectroscopic quantiﬁcation of accumulated structural radiation
damage (discussed in Lenz and Nasdala, 2015).
Fig. 6C and D demonstrates that deviations from the “common”
REE composition may result in signiﬁcantly different PL spectra
that are not dominated by Dy3+ alone anymore (compare Fig. 6A).
Photoluminescence spectra of zircon samples from the alkaline com-
plex at Mt. Malosa, Malawi (sample A), show relatively intense emis-
sions of Sm3+, Dy3+, and Nd3+ (Fig. 5C). This is explained by the fact
that in this zircon sample, which contains generally high amounts of
REE, the LREE concentrations are higher than that of the HREE (cf.
Table 3). The rather untypical PL pattern may hence be considered
to reﬂect the unusual trace-element composition of this sample
(for details on the geological setting of the Mt. Malosa alkaline com-
plex see Woolley and Jones, 1992; Soman et al., 2010). Another un-
usual example is shown in Fig. 5D. This zircon from Pack, Austria
(sample Zir-D), is characterised by comparably low concentrations
of LREE, Dy, and Ho, whereas it is enriched in the HREEs Er to Lu
(cf. Table 3). The PL spectrum is dominated by emissions of Tm3+whereas emissions of Dy3+ are of minor intensity. Note that this
sample also contains notable amounts of Yb3+ and Lu3+, however
these REEs are known to have no PL emissions in the visible range
(e.g., Reisfeld and Jørgensen, 1977), and Er3+ is more effectively ex-
citedwith 488 nm (Nasdala et al., 2008) or green lasers (cf. Fig. 5, and
REE-PL excitation spectra published in Friis et al., 2010).
Both the possible disturbance of Raman spectra by REE emissions
and the powerfulness of PL mapping for revealing zoning and other in-
ternal heterogeneity, are demonstrated in Fig. 7 by presenting analytical
results obtained from a zircon single-crystal from Kanchanaburi,
Thailand (sample Zir-F). Fig. 7A shows a series of BSE and CL images
alongwith a PLmap visualising the intensity distribution of Dy3+ emis-
sion (4F9/2→ 6H15/2). This emission overlaps with the Raman signal as
shown in Fig. 7B (λexc= 473 nm). This is noteworthy however, because
Raman maps produced using the intensity of the ν3[SiO4] Raman band
may show similar distribution patterns to that observed from
neighbouring PL bands of Dy3+ (especially if no appropriate back-
ground correction is done in the data-reduction process). This may be
due to intensity variances as caused by the low – but notable – underly-
ing PL background, and not due to changes of Raman intensities (cf.
Fig. 7B).
Photoluminescence intensities of Dy3+ are very sensitive to minute
changes in REE trace-element concentrations. The PL map reveals ﬁne-
scaled growth as well as sector zoning in two principal areas, an inner
core surrounded by a secondary overgrowth (see Fig. 7A again). This
is apparent from crosscut oscillatory zoning textures, and from PL-
intensity differences among both regions. The latter is due to small dis-
parities in Dy concentration; the inner area is slightly enriched in REE
and other heavy trace elements such as U and Th (compare bright
area in BSE and analyses spots indicated in Fig. 7A). It has been reported
that U and Th concentrations vary in close relation to the abundance of
overall trace REEs in igneous and metamorphic zircon, and LREEs are
predominantly enriched with the incorporation of Ca in alteration
rims of zircon crystals (Wopenka et al., 1996; Hoskin and Schaltegger,
2003; Horie et al., 2006; Hoshino et al., 2010). Zircon crystals from
metamorphic eclogite-facies rocks, for instance, are characterised by
HREE-depleted metamorphic domains which are interpreted to grow
with a concurrent formation of REE-consuming garnet under sub-
solidus conditions (Rubatto, 2002). Hence, REE distribution patterns as
revealed by PL mapping may bear valuable geochemical information
important for unravelling the geological history of such samples.
Note, however, that luminescence imaging or mapping is of semi-
quantitative nature as luminescence intensity may strongly depend on
further variables, such as quenching (Kempe and Götze, 2002; Nasdala
et al., 2014) and sensitizing by other elements (e.g., Marfunin, 1979), ef-
fects of crystal orientation (e.g., Lenz et al., 2013) and the structural
state/crystallinity, e.g., the accumulation of radiation damage due to
the incorporation of radioactive U and Th (e.g., Lenz and Nasdala,
2015 and references therein). A potential (semi-) quantitative estima-
tion of REE trace elements via luminescence intensity needs a broad
range of carefully calibrated analytical conditions, e.g., standard materi-
al, system stability, and system response (Barbarand and Pagel, 2001;
Habermann, 2002; Richter et al., 2003; Edwards et al., 2007; MacRae
et al., 2012, 2013). Xian et al. (2004), for instance, proposed to use abso-
lute intensities of Raman spectral features of zircon to differentiate be-
tween rock types of maﬁc, granitic, and metamorphic origin. These
features have been interpreted byNasdala andHanchar (2005) to result
from PL emissions of trace Er3+ incorporated in zircon (cf. Fig. 5, λexc =
514 nm). As discussed above, the determination of absolute intensities
is difﬁcult, however, without any internal or external calibrations (see
also discussion in Nasdala and Hanchar, 2005), but relative intensity
variations of speciﬁc REE emissions may be visualised without instru-
mental biases using hyperspectral PL mapping. Spectra from multiple
single measurement points were obtained under fairly identical mea-
surement conditions and the crystal orientation remains constant rela-
tive to the incident laser if a single-crystal is mapped.
Fig. 6. Laser-induced PL spectra (λexc= 473 nm) of zircon samples from Chantanaburi, Thailand (A; sample Zir-E); Sri Lanka (B; sampleM144), Mt. Malosa, Malawi (C; sample Zir-A), and
Pack, Styria, Austria (D; sample Zir-D), shown in comparisonwith spectra of synthetic, un-doped and REE-doped ZrSiO4 crystals. The Raman-shift region of SiO4 stretching bands (see inset
abscissa axis) is highlighted with a grey bar.
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Steady-state laser-induced photoluminescence of REE3+ is a com-
mon analytical artefact in Raman spectroscopy of accessory minerals
that contain trace amounts of REEs. Intensities of PL emissions in
Raman spectra aremainly controlled by (i) the appearance and concen-
tration of the respective PL centre in the sample (cf. Fig. 2) and (ii) the
effectivity of the laser photon-energy used for its excitation, i.e., the
quantum cross section of the laser and the absorption/excitation levels
of the respective REE3+ (e.g., Figs. S1 + S2, Supplementary materials).
The latter is important in so far as speciﬁc REE emissionsmay appear al-
ternatively in dependence of the excitation photon-energy used. If the
laser excitation ﬁts with REE absorption levels, even minute amounts
of trace REE may cause well-detectable, narrow PL bands which are po-
tentially mistaken for Raman bands easily. In zircon, for instance, less
than 1 ppm Nd (sample Zir-E + Zir-F in Table 3, spectrum shown in
Fig. 5) is sufﬁcient to detect measurable emission intensities of Nd3+
using a 785 nm laser. Near-infrared lasers were commonly applied to
avoid luminescence artefacts due to their comparably low excitation
photon-energy, but in particular emissions of Nd3+ are excited very ef-
fectively via its 2F7/2 and 2F5/2 absorption levels. We demonstrated that
Nd3+ emissions strongly interfere with Raman bands in spectra of the
four accessory minerals studied. Chen and Stimets (2014) found that
the PL of Nd3+ (λexc = 785 nm) is very common for many other Ca-
minerals as well.
In addition to effects of selective excitation as observed by using dif-
ferent laser photon energies, the chemical composition of accessory
minerals may strongly affect the PL pattern obtained. Presentedexamples of titanite and zircon demonstrated that steady-state PL spec-
tra substantially differ with respect to the samples trace-element com-
position. The relation of Cr to REE concentrations strongly affects the
dominance of their emissions in spectra of titanite. The presence of spe-
ciﬁc REE emissions in PL patterns of zircon varieswith relative depletion
or enrichment of trace HREE and LREE, respectively (cf. Fig. 6A, C, D). In
contrast, the REE-minerals monazite—(Ce) and xenotime—(Y) are
characterised by high overall REE concentrations. Relative differences
in their concentrations have only minor impact on the PL pattern. The
PL spectra of monazite—(Ce) and xenotime—(Y) samples analysed
have comparably uniform patterns with respect to the presence of the
REE3+ emissions identiﬁed. They are more signiﬁcantly affected by
the structural disorder as caused by (i) increasing compositional hetero-
geneity due to the incorporation of heterovalent elements (Ruschel
et al., 2012; Lenz et al., 2013) and (ii) increasing structural damage ac-
cumulated upon self-irradiation due to the incorporation of the radioac-
tive elements Th and U (Nasdala et al., 2013).
Internal textures of single-crystals (based on intensity differences of
PL emissions) may be visualised using hyperspectral mapping. As for
the example of titanite (from Sarany, Ural Mts., Russia), it was demon-
strated that semi-quantitative element distributions of two different
PL centres (i.e., Sm3+ and Cr3+) were visualised using hyperspectral
PL maps. Images obtained from BSE or panchromatic CL do not bear
equivalent information (see Fig. 2). An example of zircon demonstrated
that PL intensitymaps of REE3+may visualise the internal texture of zir-
con single-crystals (growth and sector zoning). Commonly, CL images
are used to visualise internal textures of zircon (e.g., Vavra, 1990;
Hanchar and Miller, 1993; Hanchar and Rudnick, 1995; Rakovan and
Fig. 7. Series of BSE image, CL image, and hyperspectral PL map (A) of a zircon sample from Kanchanaburi, Thailand (sample Zir-F). The hyperspectral PL map shows on a greyscale the
intensity of the ~20,500 cm−1 Dy3+ band (4F9/2→ 6H15/2 transition). Two spots that were subjected to Raman spectroscopy (λexc = 473 nm; B) and LA–ICP-MS analysis (cf. Table 3)
are marked with arrows. Note that Raman bands and Dy3+ emissions are excited concomitantly. The latter partially mask the Raman spectrum of zircon (see reference spectrum of
un-doped and hence non-luminescent ZrSiO4 for comparison).
13C. Lenz et al. / Chemical Geology 415 (2015) 1–16Reeder, 1996; Götze, 2000, 2002; Hoskin and Black, 2000; Rubatto and
Gebauer, 2000; Corfu et al., 2003; Götze et al., 2013). They provide valu-
able information on primary formation and post-growth history.
Hyperspectral PL mapping (performed with “Raman” systems using
motorized x–y stages)may be used complementarywith the advantage
to select speciﬁc luminescence centres being used as mapping parame-
ter. The opportunity to excite more different PL centres by choosing al-
ternative excitation lasers is advantageous in comparison to CL
hyperspectral mapping techniques (cf., Edwards et al., 2007; MacRae
et al., 2013). Fig. 7A demonstrates that the hyperspectral PL map of
Dy3+ emission intensities in zircon is particular more sensitive to min-
ute differences in element concentrations than equivalent panchromat-
ic CL images; and is in particularmore suited to unravel sector zoning of
speciﬁc REEs, that is considered to be more common than generally de-
tected (Watson and Liang, 1995).
Note, however, that luminescence imaging or mapping is of semi-
quantitative character as the intensity of PL emissions may strongly
depend on further variables such as quenching (described for
titanite e.g., in Nasdala et al., 2014), sensitizing by other elements
(e.g., Marfunin, 1979; Kempe and Götze, 2002) and effects of crystal
orientation (e.g., Lenz et al., 2013; and references therein). Lumines-
cence intensities of REE3+ may also be affected by radiation damage
as caused by radioactive decay of U and Th; especially in samples
with high U and Th concentrations and elevated geologic ages
(e.g., Seydoux-Guillaume et al., 2002; Panczer et al., 2012; Lenz and
Nasdala, 2015).
Rather independent of the host crystal, emissions of particular REEs
are recorded always in the same spectral range. Their ﬁnesplitting how-
ever depends strongly on the host mineral, that is, the local structural
environment of the REE3+ ion (crystal-ﬁeld dependent Stark's splitting;e.g., Burns, 1993). To give an example, appreciable variations of numbers
and positions of individual bands related to the emission of Pr3+, Nd3+,
and Sm3+ in CaTiSiO5 and CePO4 are shown in Fig. S1. This fact is advan-
tageous insofar as knowledge of the ﬁne-splitting in particular host min-
erals opens up the opportunity to REE3+ emissions, similar to Raman
spectra, to be used as ﬁngerprint tool in mineral identiﬁcation. For this,
however, comprehensive PL-spectral databases are needed. Examples of
quickmineral identiﬁcation by luminescence have already beenproposed
in igneous/metamorphic and sedimentary petrology (Richter et al., 2006,
2008), and gemmological (Bersani et al., 2012; Fritsch et al., 2012) and
mineral provenance studies (Andò and Garzanti, 2014). Also, the avail-
ability of reliable, highly resolved reference PL spectra provides the oppor-
tunity to identify speciﬁc REE species in a speciﬁc host mineral, even in
cases of mineral unknowns whose emissions consist of multiple, strongly
interfering REE centres (see e.g., Fig. 3).
Note that not all REE3+ species present in the samples studied here
may have been identiﬁed in our spectra. This is because certain centres
respond differently to different excitations. For instance, the emission of
Sm dominates the 473 nm-spectrum of titanite sample Tit-B whereas
this element is hardly detected in the 532 nm-spectrum of the very
same sample (Fig. 1A). We therefore cannot exclude the possibility
that laser excitations other than used in our study might excite further
centres. Future studies addressing this question require systematic PL
excitation-emission analysis of compositionally homogeneous, natural
samples, similar to that shown, e.g., for selected REEs in synthetic
titanite, monazite—(Ce), and xenotime—(Y) in Figs. S1 and S2.
Photoluminescence excitation spectra of various REE3+ species in syn-
thetic zircon have been published by Friis et al. (2010).
Narrow laser-induced REE3+ emission-bands in Raman spectra are
quite easily recognised if they are recorded in spectral ranges that
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above 4000 cm−1). Emissions in the Raman-shift range below
1600 cm−1, or in the “hydroxyl stretching range” (ca.
3000–3800 cm−1) are in contrastmore easilymistaken as Raman signals.
In general, confusion of PL bands with Raman bands may be avoided by
performing multiple Raman analyses with different laser excitations.
Raman bands must have uniform Raman-shifts in all Raman spectra. Lu-
minescence emissions, in contrast, are characterised by particular photon
energies and consequently certain absolute spectral positions; they hence
must appear at different apparent Raman shifts (see e.g., Fig. 1 and discus-
sion by Panczer et al., 2012). Nowadays there is a wide range of laser
sources available to monitor Raman spectra at many different excitation
wavelengths (e.g., Dubessy et al., 2012). To obtain unbiased results, one
should attempt to ﬁnd an excitation that causes least PL artefacts in the
Raman spectrum. To provide an example, our Raman spectra of zir-
con and monazite—(Ce) obtained with 633 nm excitation (not
shown) were unaffected by any REE3+-related PL in the Raman-
ﬁngerprint spectral range.
We encourage operators of Raman systems to compare cautiously
their spectra, especially if unknown or unusual “Raman bands” are evi-
dent,with published REE luminescence spectra and/or Raman spectra of
synthetic analogues. The PL spectra shown in this paper, and further
spectra of synthetic REE-doped titanite,monazite—(Ce), xenotime—(Y),
and zircon, are available for download from the CSIRO luminescence da-
tabase (http://www.csiro.au/luminescence).
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.chemgeo.2015.09.001.Acknowledgements
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